. This network also appears to regulate transcription of several other aldosterone target genes. Here, we provide evidence showing that Dot1a contains at least three potential nuclear localization signals (NLSs). Deletion of these NLSs causes green fluorescent protein-fused Dot1a fusions to localize almost exclusively in the cytoplasm of 293T cells as revealed by confocal microscopy. Deletion of NLSs abolished Dot1a-mediated repression of ␣ENaC-promoter luciferase construct in M1 cells. AF9 is widely expressed in mouse kidney. Similar to ␣ENaC, the mRNA levels of ␤ENaC, ␥ENaC, and Sgk1 are also downregulated by Dot1a and AF9 overexpression. Small interference RNA-mediated knockdown of Dot1a and AF9 or aldosterone treatment leads to an opposite effect. Using single-cell fluorescence imaging or equivalent short-circuit current in IMCD3 and M1 cells, we show that observed transcriptional alterations correspond to changes in ENaC and Sgk1 protein levels as well as benzamilsensitive Na ϩ transport. In brief, Dot1a and AF9 downregulate Na ϩ transport, most likely by regulating ENaC mRNA and subsequent protein expression and ENaC activity.
aldosterone; sodium-binding benzofuran isophthalate acetoxymethyl ester; intracellular Na ϩ concentration; equivalent short-circuit current THE URINARY EXCRETION OF Na ϩ by the kidney needs to balance the daily Na ϩ intake. The distal nephron in the kidney serves as the site of fine regulation for Na ϩ absorption from the urine via the epithelial Na ϩ channel (ENaC). ENaC consists of three partially homologous subunits (␣, ␤, and ␥) and is subject to tight and complex regulation by aldosterone at both transcriptional and posttranscriptional levels. Numerous studies have been conducted to define the mechanisms controlling ENaC trafficking, cell surface expression, maturation, assembly, open probability, and degradation (5, 15, 21, 37, 38) . In comparison, our understanding of the mechanisms governing ENaC transcription, especially in the context of chromatin, as well as the significance of ENaC transcriptional control in ENaC-mediated Na ϩ transport, is rudimentary. Traditional models of aldosterone action on target genes, including ␣ENaC, have emphasized the translocation of the ligand-bound mineralocorticoid receptor (MR) or glucocorticoid receptor (GR) from the cytoplasm into the nucleus and the subsequent interaction of the ligand-receptor complex with hormone response elements present in the 5=-flanking regions of target genes (42) . Although many aldosterone-regulated genes have been identified in different systems including the renal collecting duct (20, 35, 40) and in IMCD3 cells (13) , few aldosterone-regulated genes have been identified to have a known function in histone modifications or chromatin remodeling (48) . Therefore, how aldosterone induces chromatin alteration and thus leads to gene activation or repression has been obscure.
Our previous studies in IMCD3 cells and kidneys isolated from Sgk1 WT and mutant mice suggest that ␣ENaC transcription may be impeded by a repressor complex harboring a disruptor of telomeric-silencing alternative splice variant a (Dot1a) (48) and ALL-1 fused gene from chromosome 9 (AF9) (49) . This complex associates with the ␣ENaC gene promoter and is a substrate for Sgk1 (50) . AF9 phosphorylation at Ser435 by Sgk1 allows Dot1a to dissociate from the promoter, leading to a reduction of histone H3K79 methylation at the promoter and relief of repression (50) . In this regard, aldosterone-mediated transcriptional activation of ␣ENaC can be partially attributed to induction of Sgk1 and downregulation of Dot1a and AF9 mRNA expression (48 -50) .
Recently, we found that the ALL-1 partner at 17q21 (AF17) competes with AF9 to bind the same domain of Dot1a and promotes Dot1a nuclear export in 293 cells. Cytoplasmic localization of Dot1 results in derepression of ␣ENaC together with several other aldosterone target genes and enhancement of ENaC-mediated Na ϩ transport (33) . While these studies imply the importance of Dot1a cellular distribution in regulating its methyltransferase activity, Dot1a-AF9 complex-mediated transcriptional control of ENaC genes, and ENaC-mediated Na ϩ transport, the data interpretation is complicated by multiple NLSs existing in Dot1a. The expression and cellular distribution of AF9 in kidney, and the downregulation of ENaC proteins by Dot1a and AF9, remain to be defined.
In this study, we first identified and characterized the potential NLSs regulating Dot1a nuclear expression in 293T cells, determined the functional significance of the NLSs in Dot1a-mediated repression in M1 cells, and examined the expression and cellular distribution of AF9 in mouse kidney. We then investigated more directly and strictly the role of Dot1a, AF9, and aldosterone in regulating expression of ␣ENaC, ␤ENaC, ␥ENaC, Sgk1, and MR at mRNA and protein levels. We also measured ENaC activity by benzamil-sensitive Na ϩ transport using IMCD3 and M1 cells. We found that Dot1a harbors three potential NLSs, with NLS1 and NLS2 being more important. A Dot1a mutant harboring deletions of all three NLSs was almost exclusively cytoplasmic and failed to inhibit ␣ENaC promoter activity. We also found that endogenous AF9 protein is widely expressed in mouse kidney and primarily located in the nuclei of the cells, consistent with its putative role as a transcription factor. Aldosterone increases and Dot1a and AF9 decrease expression of ENaC and Sgk1 at mRNA and protein levels. The changes in the expression of these genes are associated with changes in ENaC-mediated Na ϩ transport as examined by two different approaches.
MATERIALS AND METHODS
Reagents. Benzamil, nigericin, monensin, and sodium-binding benzofuran isophthalate-acetoxymethyl ester (SBFI-AM) were purchased from Sigma (St. Louis, MO). Rabbit antibodies recognizing AF9, Sgk1, and MR were obtained from Bethyl Laboratory (Montgomery, TX), Millipore (Billerica, MA), and Santa Cruz Biotechnology (Santa Cruz, CA), respectively. Antibodies against ␣-, ␤-, or ␥ENaC were kindly provided by Dr. Ryoichi Teruyama (Univ. of Tennessee Health Science Center, Memphis, TN), who purified these antibodies originally generated by Dr. Mark Knepper's group (National Heart, Lung, and Blood Institute, Bethesda, MD). The anti-aquaporin-2 (AQP2) antibody generated in chicken is a kind gift from Dr. James Wade (Univ. of Maryland, College Park, MD). The plasmids expressing untagged, green, or red fluorescence protein (GFP-or RFP)-tagged Dot1a and AF9 (pcDNA-Dot1a, pcDNA-AF9, pGFP-Dot1a, pGFPDot1a 2-478, pGFP-Dot1a 479 -659, pRFP-Dot1a, and pRFP-AF9), RNAi constructs (pDot1aRNAi2 and pAF9RNAi2) for knockdown of Dot1a and AF9, and IMCD3 cells stably carrying these RNAi constructs have been described (33, 48 -50) . The full-length Dot1a coding region in pGFP-Dot1a was released by EcoRI-KpnI digestion and replaced by PCR fragments encoding Dot1a 479 -972 or 417-1540. Internal deletions of NLSs were achieved by overlapping PCR. Briefly, a 1.7-kb fragment harboring internal deletion of amino acids 394 -416 (NLS1) was cloned into pGFP-Dot1a at SalI-FseI to generate pGFP-Dot1a ⌬NLS1 (⌬NLS1). pGFP-Dot1a ⌬NLS3 (⌬NLS3) was constructed by replacing a 2.4-kb FseI-KpnI fragment of pGFPDot1a with the corresponding PCR fragment missing amino acids 1165-1172 (NLS3). This ⌬NLS3 FseI-KpnI fragment was then used to substitute the corresponding sequence in pGFP-Dot1a ⌬NLS1, generating double deletion mutant pGFP-Dot1a ⌬NLS1, 3. Deletion of amino acids 1089 -1112 (NLS2) was then finally introduced into the double mutant to create a triple mutant pGFP-Dot1a ⌬NLS1, 2, 3. All inserts were verified by sequencing.
Cell culture and transient and stable transfection. 293T, IMCD3, and M1 cells were maintained with DMEM/F12 plus 10% FBS. For aldosterone studies, cells were cultured in DMEM/F12 plus 10% charcoal-stripped FBS for at least 50 h before addition of 1 M aldosterone or 0.01% ethanol as a vehicle control for 4, 19, or 24 h. In some experiments, cells were pretreated with either actinomycin D (5 g/ml) or cycloheximide (10 g/ml) for 1 h, followed by aldosterone administration for 24 h. Transient transfection was carried out with Lipofectamine 2000 reagent (Invitrogen). To establish stable cell lines, IMCD3 or M1 cells were transfected with pcDNA3.1 vector as a negative control or its derivatives expressing Dot1a or AF9. Transfected cells were selected by neomycin (500 g/ml) for 2 wk. Parent cells were treated with neomycin, similarly in parallel to determine selection efficiency. All neomycin-resistant colonies were pooled and expanded without clonal selection on the basis of Dot1a or AF9 mRNA expression. Cells were cultured on plates for real-time RTquantitative (q) PCR, on coverslips for measurement of intracellular Na ϩ concentration ([Na ϩ ]i), or on Millicell inserts for real-time RT-qPCR and equivalent short circuit current (I sc) experiments.
[Na ϩ ]i measurement. Na ϩ indicator SBFI-AM was used for singlecell fluorescence imaging to determine [Na ϩ ]i, as reported by others (6, 43, 44) . Briefly, cells were plated onto collagen-coated glass coverslips with an appropriate medium described above for 18 h to reach ϳ60% confluence. Coverslips were then mounted to experimental chambers. After incubation with 10 M SBFI-AM plus 0.1% Pluronic F-127 in Na-HEPES physiological saline (140 mM NaCl, 4.7 mM KCl, 1.13 mM MgCl2, 10 mM HEPES, 10 mM glucose, and 1 mM CaCl 2) for 2-4 h at room temperature, cells were continuously superperfused with fresh (dye-free) Na-HEPES containing 1 mM Ca 2ϩ with or without benzamil (1 M) at 37°C until the fluorescence recordings stabilized, ϳ5-10 min. Light emitted from SBFI-AMloaded cells at Ͼ510 nm was captured by a camera-based digital imaging system. Cellular SBFI fluorescence was captured following illumination at two excitation wavelengths (340 Ϯ 15 and 380 Ϯ 15 nm) by a Cascade digital camera coupled to a Nikon TE2000-U microscope. The fluorescence output of individual cells was recorded by placing measurement windows over cells within the ϫ40 objective field and emission ratio measurements performed offline on saved images using Molecular Devices MetaFluor imaging software.
Calibration of the intracellular SBFI-AM dye fluorescence was conducted using ionophores (5 m nigericinϩ5 M monensin) to permeabilize the cell membrane and equilibrate [Na ϩ ]i with bath [Na ϩ ] over a range of 0 -140 mM (31) . Sequential emission ratios (340/380-nm excitation wavelength) every 2 s were collected for ϳ5 min/change in bath [Na ϩ ]. Postcapture, saved images were subtracted for background, and changes in cellular dye intensity ratio were plotted against [Na ϩ ]i to produce a calibration curve, using nonlinear least small squares regression as described (36) .
Cells transiently expressing RFP, RFP-Dot1a, or RFP-AF9 fusion were first identified and marked by epifluorescence microscopy with a separate excitation and emission filter combination specific for RFP, which has an excitation maximum of 556 nm and an emission maximum of 586 nm. The same identification template on the same field of cells was then used for collecting SBFI image data.
In all cases, data from multiple cells in each experiment were averaged and counted as a single observation (n ϭ 1). Throughout the experiment, the bath temperature was kept at 37°C by prewarming the extracellular solutions and by 37°C water-jacketing the oil-immersion lens of the inverted microscope.
Electrophysiological measurements. Cells were grown on 12-mm filter units and fed on both apical and basolateral sides with culture medium (DMEM/F12 plus 10% FBS) and allowed to form monolayers. The medium was changed every 3 days. The transepithelial voltage (V TE) and transepithelial resistance (RTE) of each filter were determined regularly by using an Epithelial Volt-ohmmeter (EVOM) (World Precision Instruments) with a set of Ag:AgCl electrodes, under sterile conditions as reported (17, 19) . When the resistance reached the threshold level of 900 ⍀·cm 2 , the monolayers were considered confluent (17) and V TE was measured every 1 min for minimal 10 times. Benzamil (1 M) was then added to the apical side. Five minutes later, VTE was recorded again similarly. The readings before or after benzamil administration from a single filter were averaged and counted as 1 (n ϭ 1). The benzamil-sensitive equivalent I sc was determined as the current difference with and without 1 M benzamil in the apical bathing solution.
Sequence analyses. NLSs were identified using PSOFT II Prediction at http://psort.ims.u-tokyo.ac.jp/form2.html/. Alignment was performed with Protein Alignment in a MacVector package at http:// www.macvector.com/.
Real-time RT-qPCR, immunoblotting, epifluorescence, and confocal microscopy. These assays were conducted according to our published protocols (13, 14, 33, 48) . For epifluorescence and confocal microscopy, 293T cells were cultured in four-well glass chamber slides and transfected with various constructs expressing GFP-Dot1a fusions. Twenty-four hours after transfection, cells were rinsed briefly in PBS, fixed with 1% fresh prepared paraformaldehyde for 30 min, and stained with 300 nM 4=,6-diamidino-2-phenylindole (DAPI; Sigma) for 15 min. After mounting with Vectashield mounting medium (Vector Labs), cells were examined by epifluorescence microscopy and counted as cytoplasmic [C], nuclear [N], or both [C/N], depending on the primary location of the fusion proteins. It should be stressed that cells considered as C do not necessarily mean that the fusion proteins are exclusively located in the cytoplasm. However, it does indicate that the vast majority of the fusion proteins reside in the cytoplasm. This principle is also applied to N. We then randomly selected multiple fields of each transfection and took images with a confocal microscope (510 Meta, Zeiss LSM) to confirm the distribution pattern. In most cases, the results of the confocal microscopy are consistent with those of the epifluorescence microscopy. This may explain why epifluorescence microscopy has been widely used by many other groups for similar experiments (2, 22, 29) .
Statistical analysis. All quantitative data are presented as means Ϯ SE. The statistical significance was determined by Student's t-test for all comparisons, with a significant level set at P Ͻ 0.05.
RESULTS

Dot1a harbors three potential NLSs.
When Dot1a was transiently expressed as a GFP fusion in 293T cells, the GFP signals were primarily located in the cytoplasm, nucleus, or both. The cellular distribution of Dot1a apparently regulates histone H3K79 methylation and thus Dot1a-AF9-mediated repression of ENaC genes and their key regulators in these cells (33) . However, no NLSs within Dot1a sequence have been previously identified and characterized. Therefore, we performed sequence analysis and identified three potential NLSs spanning amino acids 394 -416 (NLS1), 1089 -1112 (NLS2), and 1165-1172 (NLS3). These NLSs are highly conserved in rat and human with identical NLS1 sequences, one mismatch in human NLS2, rat NLS2, and rat NLS3, respectively (Fig. 1A) .
To evaluate the biological significance of these putative NLSs in regulating Dot1a cellular distribution, nine GFP fusion constructs containing various Dot1a fragments were generated, transiently transfected into 293T cells, and analyzed by epifluorescence and confocal microscopy. As shown in Fig. 1B, under the conditions tested, GFP-WT Dot1a was present in the nucleus in 60% of cells, with only 22% in the cytoplasm and 18% in both compartments. The percentage of cells with nuclear GFP-Dot1a fusion was elevated to 91% when the construct contained the N-terminal fragment 2-478 only. This observation, along with the data from NLS1 deletion mutant (see below), suggests that NLS1 is a very strong NLS. The internal fragments (479 -659 and 479 -972) lack an obvious NLS, and these fusions almost exclusively resided in the cytoplasm, with 0 or 2.5% of cells showing GFP signal dominantly in the nucleus. Thus it is very unlikely that a functional NLS exists within these sequences. The C-terminal sequence 417-1540 that possesses NLS2 and NLS3, but lacks NLS1, was detected in the cytoplasm in 55% of cells and in the nucleus in 25% of cells, suggesting that either one or both NLSs are important for regulating Dot1a nuclear distribution.
To more directly assess the role of each NLS, mutants with deletion of these NLSs were created and examined similarly. Only 20% of cells expressed a NLS1 deletion mutant (⌬NLS1) in the nucleus, compared with 60% in cells expressing WT Dot1a. In contrast, cells expressing cytoplasmic ⌬NLS1 mutant rose by 38%. The percentage of cells with nuclear GFPDot1a was decreased from 60 to 55% when NLS3 was deleted. Consistently, a double mutant in which both NLS1 and NLS3 are removed (⌬NLS1,3) decreased nuclear expression from 20 to 14% and increased cytoplasmic distribution from 60 to 70% compared with the ⌬NLS1 mutant. The triple mutant (⌬NLS1,2,3) was found in the nucleus in only 1% of cells, and in the cytoplasm in ϳ95% of cells. The other 4% of cells expressed the mutant protein in both nucleus and cytoplasm. In aggregate, our data suggest that NLS1, NLS2, and NLS3 most likely play a role in directing Dot1a nuclear expression, with NLS1 and NLS2 being more important than NLS3. It should be stressed that Removal of Dot1a NLSs abolished Dot1a-mediated repression of the ␣ENaC promoter. Using 293T and IMCD3 cells, we previously demonstrated that Dot1a represses ␣ENaC expression in a methyltransferase-dependent manner (47) . AF9 binds the AF9/AF17-interacting domain of Dot1a and targets Dot1a to the ␣ENaC promoter for H3K79 methylation (49) . AF17 partially relieves Dot1a-mediated repression, possibly by competing with AF9 to bind Dot1a and by facilitating Dot1a nuclear export (33) . Therefore, Dot1a-mediated repression apparently requires Dot1a nuclear expression, its methyltransferase activity, and AF9-mediated, targeted H3K79 methylation. To further test this hypothesis and extend our studies to a more appropriate cell line, we cotransfected M1 cells with the ␣ENaC promoter-luciferase reporter (48 -50) along with each nine constructs encoding GFP-Dot1a fusions and performed luciferase assays. Overexpression of WT Dot1a decreased the luciferase activity to 32% of the vector control, as we previously reported for IMCD3 cells (49) . This repression was largely relieved by mutations that impede Dot1a nuclear expression, remove the AF9/AF17 interaction domain, or remove the methyltransferase domain. For example, the luciferase activity of the cells expressing Dot1a 479 -972, 479 -659, or ⌬NLS1,2,3 was virtually indistinguishable from that of the vector-transfected cells likely because all of these mutants were predominantly expressed in the cytoplasm. Dot1a 2-478 contains the methyltransferase domain (27, 47) , but lacks the AF9/AF17-interacting domain (33, 49) , while Dot1a 417-1540 misses the former and harbors the latter. Luciferase activity was reduced to 70 or 85% of control in cells overexpressing these two mutants, respectively, compared with 32% in WT Dot1a-expressing cells (Fig. 1C) . These results suggest that nuclear expression is essential for Dot1a to repress the ␣ENaC promoter.
AF9 is expressed primarily in the nuclei of IMCD3 cells and mouse kidney collecting duct cells. In the absence of an antibody that can detect endogenous Dot1a in immunohistochemistry analysis, we used H3 K79 methylation as an indicator of Dot1a methyltransferase activity and defined the ubiq-uitous expression of H3 dimethylated K79 in mouse kidney (48) . We also reported that the vast majority of transiently expressed RFP-tagged AF9 was located in the nuclei of IMCD3 and 293T cells, where it colocalized with GFP fusions harboring Dot1a or Sgk1 (33, 49) . The cellular distribution of endogenous AF9 in IMCD3 cells or mouse kidney, however, has not been addressed. Accordingly, we first performed indirect immunofluorescence microscopy with a purified antibody recognizing AF9 on IMCD3 cells. The specificity of the antibody remains to be tested in future studies. DAPI was applied to stain the nuclei. As shown in Fig. 2A, IMCD3 cells express endogenous AF9 robustly in the nuclei and at very low levels in the cytoplasm, reminiscent of what we observed for transfected RFP-AF9 (33, 49) . Most recently, Lin and Hemenway (24) performed immunoblotting and immunofluorescence microscopic analyses with a similar AF9 antibody (Hemenway CS, personal communication) and found that AF9 was primarily expressed in the nuclei of IMCD3 cells. To determine whether AF9 is expressed in aldosterone target cells of the adult mouse kidney, similar experiments were conducted using mouse kidney sections. An anti-AQP2 antibody was used as a marker of collecting duct principal cells, in which ENaC is expressed and regulated by aldosterone in the kidney. AF9 was detected in all collecting duct epithelial cells, regardless of the presence or absence of AQP2 expression. Similar to its primarily nuclear expression in IMCD3 cells, most AF9 staining was apparently nuclear, as evidenced by the merged images with DAPI-stained nuclei of the kidney cells (Fig. 2B) . In all cases, no immunofluorescence was observed when either primary antibody was omitted (data not shown).
Aldosterone regulates expression of ENaC genes and their key regulator Sgk1 at both mRNA and protein levels. We and others have demonstrated that aldosterone differentially regulates a panel of genes including ␣ENaC and its transcriptional regulators Dot1a and AF9 in IMCD3 cells (13, 14, 48) . This regulatory mechanism is largely conserved in 293T cells and can be extended to other target genes (33) . However, the effects of aldosterone on the expression of ␤-and ␥ENaC and their regulatory factors such as Sgk1, and MR have not been documented in IMCD3 cells. Furthermore, the effect of aldosterone on their protein levels remains largely unknown. To this end, total RNA and whole cell lysates were isolated from IMCD3 cells treated with either vehicle as control or aldosterone (1 M for 24 h) and analyzed for expression of these genes by real-time RT-qPCR and immunoblotting. The positive control ␣ENaC increased in mRNA abundance to over 800% of the control level in aldosterone-treated cells. Aldosterone treatment also significantly induced mRNA expression of ␤-and ␥ENaC, as indicated by the elevation of their levels to 240 and 140%, respectively, compared with vehicle-treated cells (Fig. 3A) .
Sgk1 is a well-characterized aldosterone target and regulator of ENaC (7, 8, 23, 30, 45) . In particular, aldosterone enhances Sgk1 expression at mRNA and protein levels in IMCD3 cells, as previously reported by others (13, 14) and ourselves (50), respectively. In agreement with these observations, the amount of Sgk1 transcript was fourfold higher in the aldosteronetreated cells than in control cells. Although MR was upregu- lated by aldosterone in 293T cells (33) , this observation was not replicated in IMCD3 cells. MR mRNA levels were indistinguishable in the IMCD3 cells treated with vehicle or aldosterone (Fig. 3B) .
As shown in Fig. 3C , the basal level of ␣ENaC protein in IMCD3 cells cultured with charcoal-stripped serum was very low but increased over 10-fold by aldosterone. ␤-and ␥ENaC subunits were barely detectable in the absence of the hormone and became discernable after aldosterone induction. Consistent with our previous report, Sgk1 abundance was fourfold higher in the aldosterone-treated cells vs. control. However, no significant changes in MR abundance were observed. Comparable levels of ␣-tubulin confirmed equal loading. In brief, these observations indicate that aldosterone significantly increases expression of the three ENaC genes and their critical regulator Sgk1 at mRNA and protein levels, but has little impact on MR expression.
Dot1a and AF9 downregulate expression of ENaC genes and Sgk1 at mRNA and protein levels. Dot1a-AF9 complex represses ␣ENaC and three aldosterone-regulated genes: connecting tissue growth factor (CTGF), preproendothelin-1, and period-1 in IMCD3 cells (48 -50) . However, the role of the Dot1-AF9 complex in controlling mRNA and protein expression of ␤ENaC, ␥ENaC, MR, and Sgk1 has not been explored previously. Accordingly, IMCD3 cells were transiently transfected with the vector plasmid pcDNA3.1 or its derivatives encoding Dot1a or AF9 and investigated as above. As reported before, overexpression of Dot1a or AF9 impaired mRNA expression of ␣ENaC as a positive control. A similar pattern was also observed for ␤ENaC, ␥ENaC (Fig. 4A) , and Sgk1 (Fig. 4B) . In all cases, MR expression was relatively constant for all transfections (Fig. 4B) .
Unlike the aldosterone experiment, the basal levels of ENaC and Sgk1 proteins in IMCD3 cells transfected with the vector plasmid were all reliably detected, possibly due to different culture conditions including the use of regular instead of charcoal-stripped serum. Such basal levels became undetectable or were significantly decreased by 55-70% in Dot1a-or AF9-overexpressing cells, respectively. Again, the abundance of MR protein was not significantly different among the three transfections (Fig. 4C) .
We previously reported that IMCD3 cells stably transfected with pDot1RNAi2 (siDot1a) reduced Dot1a mRNA by 41%, compared with control cells (48) . RT-qPCR analyses revealed that Dot1a knockdown significantly increased ␣-, ␤-, ␥ENaC, and Sgk1 mRNA levels to 280, 160, 240, and 230% of control levels, respectively (Fig. 5, A and B) . The increases in mRNA levels of these genes were accompanied with equivalent changes in their protein abundance (Fig. 5C) . Similarly, stable transfection of pAF9RNAi2 (siAF9) inhibited AF9 protein to 12% of the vector-transfected cell level (50) , which led to a more dramatic effect on expression of ENaC and Sgk1, with mRNA abundance being elevated by over two-to sevenfold and protein levels by two-to threefold vs. the vector-transfected cells. In all cases, no significant changes in MR expression were observed at both mRNA and protein levels (Fig. 5) .
Taken together, our data not only suggest that Dot1a and AF9 repress mRNA expression of ␤ENaC, ␥ENaC, and Sgk1 but also for the first time demonstrate that the Dot1a-AF9 complex downregulates the protein abundance of these genes and thus ENaC-mediated Na ϩ transport (see below) and has little effect on MR expression in IMCD3 cells. Na ϩ transport is primarily mediated by ENaC in IMCD3 cells. Previous studies revealed that the apical-to-basal flux of Na ϩ in IMCD3 cells was largely amiloride sensitive (32) , suggesting that ENaC is the major contributor to this process. To confirm this observation independently, single-cell fluorescence imagining with SBFI-AM was employed to measure benzamil-sensitive [Na ϩ ] i as an index of ENaC activity. Measurement of SBFI-AM-based [Na ϩ ] i has been described in various settings such as isolated rat and rabbit ventricular myocytes (9, 43) , rabbit cortical collecting duct (31), Jurkat tumor lymphocytes (16), rat cardiomyocyte (28) , and mouse cortical collecting duct mpkCCDcl4 cells (6) .
To calibrate the intracellular SBFI-AM dye fluorescence, IMCD3 cells were made permeable to Na ϩ with ionophores (5 m nigericinϩ5 M monensin). Representative calibration recordings of 28 simultaneously monitored cells are shown in Fig. 6A . Rapid, sustained elevations in the ratio of fluorescence signals at 340 over 380 nm were observed when a stepwise increase in the bath [Na ϩ ] over a range of 0 -140 mM (31) was applied. Three independent experiments were performed in this fashion to construct the calibration curve (Fig. 6B) as detailed in MATERIALS AND METHODS.
To evaluate ENaC activity in IMCD3 cells, fluorescence ratios were recorded before and after addition of the ENaCspecific inhibitor benzamil (1 M) to the solution bathing the IMCD3 cells. A representative tracing is given in Fig. 6C . The fluorescence ratios were significantly decreased by the addition of the inhibitor and partially recovered following its removal (Fig. 6C) . Using the calibration curve shown in Fig. 6B Fig. 7, A and B. Consistent with the findings in RT-qPCR, aldosterone significantly increased ENaC activity as seen by the increase in Fig. 7C) . Similar results were obtained when aldosterone treatment was performed for 4 and 19 h (Fig. 7, D and E) . However, such an effect was largely abolished by 1-h pretreatment with either transcription inhibitor actinomycin D (5 g/ml) (1, 3, 11) or translation inhibitor cycloheximide (10 g/ml) (12, 18) , as shown in Fig. 7, D and E, respectively. These results indicate that new mRNA and protein synthesis is required for aldoste- A and B) or immunoblotting (C) for expression of the genes indicated as in Fig. 4 ; n ϭ 3. *P Ͻ 0.05 vs. vector for each gene. rone-induced ENaC-mediated Na ϩ uptake in IMCD3 cells under the conditions tested.
Dot1a and AF9 attenuate Na ϩ transport in IMCD3 cells. To determine whether the effects of Dot1a or AF9 overexpression on mRNA and protein expression of ENaC subunit genes result in a physiologically significant alternation of ENaC activity, IMCD3 cells were transiently transfected with RFP as a vector control or RFP fusions harboring Dot1a or AF9. The RFP tag allows easy identification of the transfected cells and has little overlap with the spectral profile of SBFI-AM. Representative tracings from each of these transfections are given in Fig. 8 , A-C, respectively. In agreement with the observations in RTqPCR and immunoblotting analyses, the basal level of [Na ϩ ] i was decreased from 11.3 in control cells to 5.6 and 8.5 in Dot1a-or AF9-overexpressing cells, respectively (Fig. 8D) . The corresponding estimates of [Na] i were significantly reduced to 1.3, 0.7, and 1.9 after benzamil addition (Fig. 8D) . As a result, the benzamil-sensitive [Na ϩ ] i was significantly decreased from 9.9 to 4.9 and 6.6 by Dot1a and AF9 overexpression, respectively (Fig. 8E) .
In reciprocal experiments, knockdown of Dot1a and AF9 elicited an opposite effect on Na ϩ transport. Representative tracings are given in Fig. 9 , A-C. In the absence of benzamil, [Na] i was increased from 9.9 to 12.9 and 14.6 by impaired Dot1a and AF9 expression. After benzamil addition, these values were dramatically decreased to 2.9, 2.8, and 4.9 (Fig.  9D) . In other words, separate knockdown of Dot1 and AF9 enhanced benzamil-sensitive [Na ϩ ] i by 45 and 39% (Fig. 9E) . Measurement of the equivalent I sc was carried out to independently verify and extend these observations. IMCD3 and mouse cortical collecting duct M1 cells were transfected with pcDNA3.1 (Vec), pcDNA-Dot1a (Dot1a), or pcDNA-AF9 (AF9) and selected for stable transfection as detailed in MATERIALS AND METHODS. While Dot1a-transfected cells were able to transiently overexpress Dot1a, they failed to maintain this overexpression during the formation of confluent monolayers on permeable supports and were excluded from further analyses. In contrast, AF9 mRNA levels were five-and threefold higher in AF9-transfected IMCD3 and M1 cells than those in the corresponding vector-transfected cells, as evidenced by real-time RT-qPCR of the total RNAs isolated from the monolayers of these stable cell lines (Fig. 10A) . Nevertheless, all of them displayed comparably high resistance (Fig. 10B) .
In IMCD3 cells, the basal I sc (in A/cm 2 ) was 6.2 in the vector-transfected cells, which was decreased to 3.7 in the AF9-overexpressing cells. Addition of benzamil significantly decreased I sc to 1.5 and 1.1, respectively (Fig. 10C) . Therefore, the benzamil-sensitive I sc (⌬I sc ) was significantly lessened from 4.7 to 2.6 A/cm 2 , a 45% reduction, by AF9 overexpression (Fig. 10D) . Similarly, the baseline I sc in M1 cells was diminished from 8.2 to 5.3 by AF9 overexpression. Addition of benzamil significantly reduced I sc to 2.5 and 2.1, respectively, in these two M1-derived cell lines, yielding a 45% decrease in benzamil-sensitive I sc (from 5.7 to 3.2) due to AF9 overexpression. We intended to verify these results using whole cell patch clamping. Unfortunately, this approach proved to be inappropriate due to the fragility of IMCD3 and M1 cells (data not shown).
In summary, these observations consistently suggest that the Dot1a-AF9 complex downregulates ENaC expression at the mRNA and protein levels and thus ENaC-mediated Na ϩ transport in the two mouse collecting duct cell lines examined. 
DISCUSSION
Our earlier work with IMCD3 cells defined an aldosteronesignaling network controlling the transcription of the ␣ENaC gene (48 -50) . Most recently, we demonstrated that this pathway is largely conserved, regulated by Dot1a cellular distribution, and involved in the control of multiple regulators of basal and aldosterone-induced ENaC-mediated Na ϩ transport in human embryonic kidney HEK 293T cells (33) .
In this paper, we confirm and extend these observations with multiple approaches in various systems. Our major findings include 1) there are at least three functional NLSs regulating Dot1a nuclear expression in 293T cells. To our knowledge, this is the first report regarding the characterization of Dot1a NLSs; 2) the expression profile of endogenous AF9 in mouse kidney is determined for the first time. AF9 protein is widely expressed in mouse kidney and primarily located in the nuclei of IMCD3 cells and mouse kidney epithelial cells, consistent with its putative role as a transcriptional regulator; 3) similar to ␣ENaC, ␤-and ␥ENaC genes and their regulator Sgk1 are also differentially regulated by aldosterone, Dot1a, and AF9 at the mRNA and protein expression levels in IMCD3 cells. This is the first report demonstrating that the protein levels of these target genes are regulated by Dot1a and AF9; and 4) the physiological significance of Dot1a and AF9 in regulating basal ENaC-mediated Na ϩ transport as measured by benzamilsensitive [Na ϩ ] i and equivalent I sc was evaluated for the first time in IMCD3 and M1 cells.
Together with our recent work on AF17 (33), these studies consistently suggest that the Dot1a-AF9-AF17 network-mediated transcriptional control of ENaC plays a pivotal role in the regulation of ENaC-mediated Na ϩ transport in vitro in three different kidney cell lines (293T, IMCD3, and M1 cells) and in vivo in mouse kidney. More specifically, the nuclear distribution and wide expression pattern of H3 dimethylated K79 (presumably catalyzed by Dot1a) (48) and AF9 in mouse kidney support the hypotheses that 1) Dot1a-AF9-mediated repression occurs in most, if not all, of renal collecting duct epithelial cells; 2) such repression is relieved by aldosterone presumably only in its target cells, or by AF17 in yet unidentified AF17-expressing cells; 3) such transcriptional control of ENaC is coupled to regulation of ENaC-mediated Na ϩ transport; and 4) in non-principal (intercalated) cells, Dot1a-AF9-mediated repression may be constitutively maintained, contributing to silencing of ENaC genes in these cells.
The terminal inner medullary collecting duct (IMCD) is important in the control of the final urinary composition because major physiological processes including regulation of urinary concentration, acid secretion, and final sodium composition of urine take place in this nephron segment (32) . IMCD3 cells are derived from the terminal IMCD and share many of the phenotypic properties of the IMCD in vivo (32) . For example, IMCD3 cells are known to facilitate transepithelial Na ϩ transport via an amiloride-inhibitable pathway (39, 46) . IMCD3 cells display amiloride sensitivity in the transepithelial Na ϩ transport assay, with 40% of apical-to-basal 22 Na ϩ flux inhibited by amiloride addition, suggesting that ENaC is a major component of Na ϩ transport in these cells (32) . However, in the presence of the specific amiloride analog benzamil in a concentration (1 M) that has no effect on either intercalated cell Na ϩ /H ϩ exchange or basolateral Na ϩ -K ϩ -ATPase activity (25) , Na ϩ transport was inhibited by 70% as measured by SBFI-based single cell fluorescence imaging (Fig. 6D ) or 75% as measured by I sc in vector-transfected cells (Fig. 10D) . The differences in the magnitude of inhibition between our studies and the previous report may be due to the differences in the specificity of the inhibitors and/or the sensitivity of the assays used.
Although not thoroughly tested, the Dot1a-AF9 regulatory network may operate in M1 cells as well as in IMCD3 and 293T cells. In support of this hypothesis, all Dot1a mutants primarily expressed in the cytoplasm of 293T cells lost the ability to repress the ␣ENaC promoter in M1 cells (Fig. 1C) , implying that these mutants may also display similar cellular distribution patterns in M1 cells. Overexpression of AF9 decreased benzamil-sensitive I sc by comparable degrees in both M1 and IMCD3 cells (Fig. 10D) . Based on these observations, we speculate that the Dot1a-AF9 system may function in a similar way in IMCD and the cortical collecting duct in vivo. It has been known for decades that aldosterone requires ongoing transcription in its target epithelia to exert a physiological action. The major physiological role of aldosterone is the regulation of Na ϩ , K ϩ , and acid-base balance and control of blood pressure. In response to volume depletion, it stimulates Na ϩ reabsorption in the renal collecting duct to restore extracellular volume, in large part via activation of ENaCs (41) . Aldosterone executes complex and temporally distinct actions on ENaC expression and activity, with both early (Ͻ3 h) effects attributed to enhanced trafficking and activity of the preexisting channel in the cell surface, and late actions (Ͼ3 h) that involve the synthesis of new ENaC subunits. The early phase is exclusively mediated by a primary effect on gene expression (41) . In contrast, the later phase results from both primary and secondary effects on gene expression. Therefore, it is proposed that the signaling factors induced by aldosterone in the early phase lead to activation via posttranslational control of existing proteins involved in transport and allow a second round of gene expression to guarantee a sustained increase in transport. However, very little is known about how aldosterone-induced proteins specifically interact and regulate the transcription of ENaC subunit genes. We previously demonstrated that aldosterone decreases mRNA expression of Dot1a at 2 h (48) and AF9 at 1.5 h (49), the earliest time points examined in IMCD3 cells. At the protein level, decreased Dot1a mRNA expression is associated with a delayed reduction of histone H3K79 methylation in bulk histones at 7 h (48). Sgk1 protein was significantly induced 1 h later after aldosterone administration, which is accompanied by elevated AF9 phosphorylation at Ser435. The induction of Sgk1 and AF9 phosphorylation lasted at least 2 h as examined (50) . These observations are compatible with our current results showing that transcription and translation inhibitors can block the effect of aldosterone treatment on ENaC-mediated Na ϩ transport as early as 4 h and as late as 24 h (Fig. 4, D and E) .
It has been shown that the transcriptional control of ENaC gene expression occurs in a subunit-and tissue-specific manner. For instance, aldosterone increases ␣ENaC subunit mRNA without affecting the mRNAs encoding the two other subunits in the kidney cortical collecting duct (26) . A different situation occurs in the colon, where ␤-and ␥-subunit mRNAs are upregulated by aldosterone or dexamethasone, but ␣-subunit mRNA is expressed constitutively (4, 10, 34) . We saw an induction of the three subunits at both mRNA and protein levels by aldosterone (Fig. 3) . It is possible that the discrepancy arises from the heterogeneous cell population in studies involving whole kidney or colon, compared with the relatively homogeneous population in the IMCD3 cell line.
Our data suggest that the Dot1a-AF9 complex represses transcription of Sgk1 as well as the ENaC subunits and Sgk1 phosphorylates AF9 to impair Dot1a-AF9-mediated transcriptional control. These observations raise the possibility that Sgk1 derepresses its own expression in a positive-feedback fashion. If this is true, it may contribute to the rapid and significant induction of Sgk1 upon aldosterone treatment. However, how Sgk1 expression is attenuated is unknown.
In conclusion, Dot1a and AF9 apparently regulate ENaC at multiple levels (mRNA, protein, and activity). Although the regulation of ENaC protein expression and ENaC activity can be largely attributed to a transcriptional effect, other mechanisms involving ENaC trafficking and degradation cannot be completely ruled out, particularly in the light of the Dot1a, AF9, and AF17 localization and interaction with Sgk1 in the cytoplasm (Fig. 1 and Ref. 33 ). In addition, it remains obscure whether and how aldosterone regulates Dot1a cellular distribution and whether H3K79 hypomethylation is also associated with the derepression of the promoters of ␤-and ␥ENaC and Sgk1 under specific physiological conditions as it does with the ␣ENaC promoter.
